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Acrodynamics of helicopler rolor syslems cannol be investigated without
consideration for the dynamics of the rotor. One of the principal proper-
tics of the rolor which affects the rotor dynamics is the wertia of the rotor
blade aboul ils rool atlachment. Prewious aerodynamic investigalions have
been performed on rotor bludes with a variely of planforms to determine
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the performance differences due lo blade planform. The blades tested for }.

this muesligation have been lesled on the US Army lwo-meler rotor lest AvE1laktl ity C:dee-
system (2MRTS) wm the NASA Langley 14- by 28-foot Subsonic Tunnel for - ";i.i”a;l/'ow"”
hover performance. This invesligalion was inlended o provide fundamental {Diat Smciai .

informalion on the flapping inertia of five rolor blades with differing plan-
forms. The tnertia of the bare cuff and the cuff with a blade extension were
also measured for comparison with the tnertia of the blades. Inertia was
delermined using a swing-lesling lechnique, using the period of oscillation
lo determine the effective flapping inertia. The effect of damping in the
swing-test was measured and accounled for. A comparison of the flapping
incrlials for rectangular and lapered planform blades of approzimately the
same mass showed the lapered blades Lo have e lower inertia, as exp.cled.
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Introduction

Helicopter rotor acrodynamics cannot. be invesli-
gated without consideration for rotor blade dynamics.
One of the principal properties of a rotor which affects
the rotor blade dynamics is the flapping inertia of the
rotor blade. ‘The amount of inertia aflects the tendency
of the rotor blades to “cone up” from the normal plane
of rotation when producing thrust. A similar lead-lag
inertia also aflects the rotary inertia of the entire ro-
tor system and contributes to the characteristics of the
rolor during enlry into and the final flare of an autoro-
tation.

One aspect of rotor rescarch at the NASA Langley
14- by 22-foot Subsonic Tunncl has been the cvalua-
tion of rotor systems designed with significant amounts
of planform taper. Concern for the autorotative perfor-
mance of these advanced rotors grew from these investi-
gations. Rotational inertia (related directly to flapping
inertia) is the principal measure of autorotative perfor-
mance.

The US Army two-meter rotor test system (2MRTS,
reference 1), developed for the NASA Langley 14- by
22-foot Subsonic Tunnel, was used in previous investi-
gations Lo study the effect of planform taper on rotor
performance (references 2 and 3 as exainples.) This re-
port documents the flapping inertia for several of these
rofors.

Notation and Symbols

The physical quantities defined in this paper are
given in the U.S. Customary Units. Measureinents and
calculations were made in the 1.8, Customary Units
with the exceplion of weight measurement which was
made in grams. The conversion factor used from grams
to pounds was obtained from reference 4.

fy damped frequency, Uz

f, natural frequency, Iz

g gravitational constant, 386.112 in/sec?

Ipo flapping inertia, Ib-in?

m mass, slugs

Q Torque about flapping hinge, Ib-in

r length from flapping hinge axis to center of
mass, in

S: uncertainty in x

T damped period of oscillation, sec

t  time of oscillation, sec

X1 amplitude of first oscillation, Volts

X2 amplitude of second oscillation, Volts

6 logarithmic decrement

wy damped angular frequency, Hz

wy natural angular frequency, Hz

0 angular displacement about the flapping axis,
rad

0 angular acceleration, rad/sec?
¢ damping constant

Theory

From torque equilibrium about the flapping hinge,
the equation used to find the flapping inertia, Ipg, is:

Q = 0Ipg = —mgrsin 0. (1)

Assuming periodic displacement.:

0 = Asinwt (2
= —w?Asinwt (3)

and
Wy = 27rfn. (4)
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Bydasing a small angle assumption (sinf = 0) and
combibg th&hbove cquations, the flapping inertia is.
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Ippg = ——. 5
0= (5)
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““1:!'.‘?.%?5?&:«‘.;3' indicates that the flapping inertia can
be derérniified by swinging the blade and measuring
.. the period of oscillation. Unfortunately, in any experi-
meutal test ofvthis nature there will be damping due to
friction and air resistance which will affect the natural
frequency. From reference § the effect of the damping
can be determined and used to correct the measured fre-
quency. ‘The damped natural frequency, fy, is related
to the undamped natural frequency, fui, by the relation:

Ja= '—l'f\/———,_——l? (6)

The logarithmic decrement, &, of the system is
defined as the natural logarithm of the ratio of any
two consecutive amplitudes. From reference 5, the
logarithmic decrement is related to the damping factor
by:

§= 2% (7)
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‘fherefore, by substituting and solving for €2, we

have: -
a__ (n aL)?
T An? 4 (In Ly’

N2

(8)

Bquation (8) can be substituted into equation (6)
to find the natural frequency, and then the flapping
incrlia can be found by using eqation (5). A general
discussion of natural frequency, damping constant, and
logarithmic decrement is given in reference 5.

Model ana Apparatus

The model rotor blades which are described here
have been used i several investigations (references 3
5).  Although the geometry of the blades has been
documented, the flapping cosponse of the blades has
nol. been previously documented. A photograph of the
rotor blades used is shown in figure 1. Four of the five
blades have a tapered planform, and the fifth blade is a
bascline rectangnlar-planform rotor.

Two of these blades were designed o investigate the
effect of the location of the initiation of taper on rolor
performance.  These tw) blades are similar in design
with the primary differcice being the radial location of
the inittation of taper. These two blades are described
i reference 3. The mitiation of the taper starts at 50

2

percent radius for the XTRS50 blade, while the initia-
tion of the taper for the XTRT75 is at 75 percent radius
Both the XTR50 and XTR75 have a 2.708 it radius,
-13 degrees of linear twist, and a thrust-weighted solid-
ity of 0.0977. They also use a distribution of advanced
rotorcraft airfoil sections. These airfod sections were
developed by rescarchers of the U.S. Army Aerostruc-
tures Directorate at the NASA Langley Rescarch Center
spectlically for rotorcraft applications. The airfoils are
RC(4)-10 (blade inboard section), RC(3)-10 (mid sec-
tion), and RC(3)-08 (blade outboard sections). In the
RC(x)-xx format, the RC indicates a rotorcraft airfoil,
(x) designates a sequential number, and the xx is the
thickness in percent of chord. The RC(3)-10 and the
RC(3)-08 airfoils are documented in reference 6. The
RC(4)-10 is documented in reference 7.

The rectangular blade (RECT) has been used in
several investigations in the 14- by 22-foot Subsonic
Tunnei (reference 8 as an example). The blade airfoil
is the NACA 0012 with -8 degrees of linear twist from
center of rotation to blade tip. The radius of this rotor
is 2.823 ft. The thrust weighted solidity is 0.0981.

"The AHIP blade is a 21% scale of the Army OH-58D
helicopter prototype (reference 9). AHIP stands for the
Army Helicopter Improvement Program, which resulted
in the OH-58D model helicopter prototype. The blade
has a radius of 3.675 ft, -16 degrees of twist, and a
trust-weighted solidity of 0.0580. The taper ratio is
1.75/1. 'The airfoil for the rectangular section was a
high performance rotor airfoil, similar to those used in
the XTR50 and X'TR75 blades.

A larger tapered rotor blade, the TR3, was also
tested. This blade was tested for comparison with
the AHIP blade (reference 9). The TR3 has a radius
of 3.333 ft, -16 degrees of linear twist, and a thrust-
weighted solidity of 0.0825. The NACA 0012 airfoil
was used for this blade. The blade has a 3/1 taper
ratio with taper starting at 80% of the basic radius.
This blade was tested with a blade cuff extension so its
radius would be equal to the AIIP blade.

All five blades used are of composite construction
utilizing graphite prepreg cloth, polyurethane foam
cores, fiberglass and epoxy external skins, and tung-
sten leading-edge balance weights. In the fabrication
process, a graphite laminar spar is fabricated over a
foam core and then cured in a mold. The trail’ g-edge
core is then fabricated from low-density, self-skinning
polyurethane foamn and then bonded to the spar The
cntire assemble is wrapped with fiberglass cloth and
cpoxy resin, placed in the mold, and cured under con-
trolled conditions of temperature and pressure.

Since the rotor hub system used for testing of all
of these blades is fully articulated with coincident flap
and lag hinges, incrtia in the chord-wise and flap-
wise directions are equivalent. By including all of

.




the effective flapping hardware (blade, hub grip, and
umounting bolts), the true flapping incrtia of the blade
can be correctly mensured.

The blade cull assemibly is shown in figure 2. The
wull asseinbly used e this investigation is the same one
in the basic rotor hub that was used in the 2MRTS.
The cufl asscinbly 15 constructed almiost entirely of 17-
4 PH stainless steel. The Liades were mounted in the
blade cuffs by two close-tolerance bolts. This assembly
is described in reference 1.

This investigation was conducted using an appara-
tus that allowed a rotor blade to hang from a pivol rod
and swing freely. The rotor hub cuff grips the rotor
blade and swings with the rotor blade. A Linear Vari-
able Differential Transducer (LVD'T) was atiached to
the cull of the blade to measure the displacement of the
blade. The LVD'I sent a signal through an LVDT sig-
nal conditioner to a signal analyzer. ‘I signal analyzer
plotted the displacement as a function of LVDT volts
vs. Lime. ‘The signal analyzer also ploited volts vs. fre-
quency. A sketch of the testing appaatus is presented
in figure 3.

Test and Procedures

The flapping ineriia of rotor blades can be deter-
mired by “swing” testing the blades. The blade and
cufl assembly were swung by manually pulling the blade
back and letting it go. The assembly then acts as a pen-
dulum,

The test procedure consisted of two paris: deter-
mining the mass, ard radial di ance from the effective
flapping axis to the center of gravity of the blade and
cufl assembly; and determining the natural frequency

The wass and location of the center of mass were
found using an clectronic balance. "I'he radial length to
the center of mass was found by multiplying the lengtis
of the blade as measured from the axis of the flapping
hinge ratio of the weight measured at the tip end of
the assembly to the total weight of the assemnbly. These
weights were found by placing each end on a knife edge,
and alternately setting each kmfe cdge on the electronic
halance.

The procedure for finding the natural frequency
consisted of swinging the blade and blade cufl assembly.
An LVD'T measured the displacement. of the blade and
cufl assembly and then sent the signals through a signal
conditioner to a signal analyzer. This procedure was
repeated ten times, with the LVIYT signal reset to zero
cach time. After ten tests, the signal analyzer output
the average resulls in two plots: volts vs. time, and
volts vs. frequency. ‘The principal frequency given by
the analyser was checked by using a mannal imethod of
frequency determination.

A manual method of determimng the frequency
froin the time history was used. The time between

consecutive peaks was measured t. find the period of
the oscillation. Then, the damped i equency was found
from an average «f the reciprocal oi vach of the periods
throughout the oscillation. The voltize of the first two
peaks was used to determine the logar:thmic decrement
and the damping constant of the syst.m as described
previously. This catire process was repe.ted five times
for each rotor blade.

Results and Discussion

A summary of the resuits for this investigation
is listed in Table L. A listing of the data for times
from peak to peak, periods, and damped and natural
frequencices for cach blade, the blade cuff assembly, and
the blade cufl with root extender are given in Tables
11--VIL. The plots of time history and frequency content
from the signal analyzer are located in figures 4-10. The
experimental uncertainty which is shown in Table I is
described in Appendix A.

In figures 4-10 two plots per figure are shown as
displayed on the signal analyzer. In these figures, the
upper plot is the displacement (in LVDT volis) vs.
time. In the lower plot the displacement is plotted
vs. frequency. The coordinates of the first plot, volts
vs. lime, show the position of the first peak. The
coordinates of the second plot, volts vs. frequency, are
the coordinates of-the approximate natural frequency
of the system.

In the second plot there are times when there are a
lot of extrancous lines towards the end of the plot, as in
figure 7, test 1. These lines result from noise that the
signal analyzer picked up from the system. There were
also times when no “peak”™ could be seen in the second
plot, as in figure 10, test 3. Although there was still a
peak present, it was too low for the vertical scale.

Concluding Remarks

This investigation gives important information on
the blade flapping inertia of several experimental model
rotor blades. This inertia affects the the tendency of
the blades to “cone” up when producing thrust. The
inertia is also important when determining the rotary
inertia of the entire rotor system, which contributes to
the characteristics of the rotor during entry into and
final flare of an autorotation.

The results of this investigation provide essential
datafor dynamic analysis of blade response for the rotor
systems tested. As expected, rotor blades of similar
arca and mass which have a chordwise taper show a
significant reduction in flapping inertia.

NASA Langley Research Center
Hampton, VA 23665-5225
August 10, 1991




Appendix A — Uncertainty Analysis

The experimental accnracy for this investigation is af-
fected by several factors. The effect of these factors on ac-
curacy of the results will be estimated using an uncertainty
analysis.

The LVDT used in this investigation is not made to
measure radial displacement, it is made to measure lincar
displacement. This deviation is consistent with the small
angle assnmptions of the supporting “swing” test theory.

The core of the LVDT was attached to the culf and blade,
and thercfore the pin moved in the same radial manner as
did the ceufl and blade. Because of the cireular motion of
the pin, the pin did not slide in and out of the core like
it was supposed to. The pin rubbed against the inside of
the core, and this caused friction. ‘This friction damped the
oscillations significantly. When examining a blade swinging
on the rod without the LVDT attached, it can be scen
that the blade will swing almost twice as long as when
the LVDT was attached. The technique used to correct
the measured frequency by the experimental damping factor
should compensate for this elfect.

Another possible error associated with this investigation
is that each trial was not always cxactly "zcroed”. In
other words, the end displacement of the blade was not
always al zero. The end displacement vollage ranged from
approximately £ 0.1 Volts. This would not ¢ause an error in
the damped frequency, but it would cause and error in the
damping constant, and therefore in the natural frequency.
Because the zeroing crror was only as great as 0.1 Volts on
a 1¢ Volt scale, the error caused by zcroing would be very
close Lo negligible most of the time.

A description of this uncertainty analysis can be found
in reference 10. For a given funclion

r= [(z,9,2) (A1)

the uncertainty in r is:

Sr = \/(—Sx)z'*‘ ((') Sy)* + (‘—~S 2 (A2)

where z, y, and z are variables of 7.
For this investigation the uncertainty in the flapping
incrtia is:

S:aﬁ\/(m"” S+ (RS (G2 (49)

1]
where: ]
dgg _ _ 4T (A4)
am - gz2f,°
e _ ™My (45)
ar 4,,’.’}'"-'
and
dgg _ =2mgr (A6)

M axrp

‘The uncertainty in the mass, S,m,is 0.5 grams or 0.000101
pounds. The uncertainty in the measurement of the radial
length, Sy, is 0.01 inches. The uncertainty of the natural
frequency, Sy, is found from the standard deviation of
the five dhfferent trials for cach blade and the blade cuff
assembly,

‘I'ke resulting uncertainty ranged from 0.2% for the TR3
blade to 2.9% for the bare cuff, The specific uncertaintics
arc tabulated in Table I with the experimental results.
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TABLE L

Final Results

Mass Radius Natural Flapping Percent
Blade to CG Frequency Inecrtia Uncert.

(1b) (in) (11z) (Ib-in2) (%)
XTR50 2.030 | 5.160 0.89842 126.9244+0.410 | 0.3 %
XTR75 1.969 | 5.320 0.86002 138.514£1.474 | 1.1%
RECT 2.022 | 6.253 0.76085 213.613£1.173 | 0.5%
AHIP 191 | 6.261 0.69257 244.35040.641 | 0.3 %
TR3 2.370 | 8.283 0.67985 415.38740.730 | 0.2 %
Bare Cuff 1428 | 1.968 2.00283 6.8250.201 2.9 %
Cuff w/ext. | 1.691 | 2.541 1.60703 16.27340.181 1.1%

TABLE 1.

Data for XTR50 blade, Test 1

Time Period Damped
Peak Frequency
(scc) (sec) (Hz)
| 0.31250
2 1.40625 1.09375 0.91429
3 2.52344 L1719 0.89510
1 3.63281 1.10937 0.90141
5 4.76563 1.13282 0.88275
6 5.89063 1.12500 0.88889
T 7.00000 1.10937 0.90141
8 8.08594 1.08594 0.92086
9 9.20313 L1719 0.89510

Average Damped Frequency = 0.89998 Hz

X| = 4.436 Volts

X9 =4.052 Volis

¢? = 0.000207

Natural Frequency = 0.90035 Tz




TABLIV 1. Data for XTRS50 blade (continued), Test 2

Time Period Damped
Peak Frequency
(sce) (sec) (Hz)
1 0.27344
2 1.39063 L1719 | 0.89510
3 2.54688 1.15625 | 0.86486
1 3.64063 1.09375 | 0.91429
5 1.75781 111718 | 0.89511
6 5.88281 1.12500 | 0.88889
7 6.99219 1.10938 | 0.90140
8 8.10156 1.10937 | 0.90141
9 9.18750 1.08594 | 0.92086

Average Damped Frequency = 0.89774 Hz
X1 =4.492 Volts
X9 =4.103 Volts

: ¢2 = 0.000207

t Natural Frequency = 0.89783 Hz
i
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TABLE 1L Data for XTR50 blade (continued), Test 3

Time ~ Period Damped
Peak ' Frequency
(sec) (sec) (Hz)
1 0.26563
2 1.40625 1.14062 | 0.87671
3 2.52344 111719 | 0.89510
4 3.65625 1.1328] 0.88276
5 4.76563 1.10938 | 0.90140
6 5.88281 1.11718 | 0.89511
7 6.98438 1.10157 | 0.90780
8 8.09375 1.10937 | 0.90141
9 9.17188 1.07813 0.92753

Average Damped Frequency = 0.89848 1z
X =4.385 Volts
X9 =4.021 Volts
¢2 =0.000190
Natural Frequency = 0.89857 11z




TABLE 1. Data for X'TR50 blade (continued), Test 4

Time Period Damped
Peak Frequency
(sec) (sec) (Hz)
)| 0.21825
2 1.40625 1.12500 0.88889
3 2.53906 1.13281 0.88276
4 3.65625 1.11719 0.89510
5 4.75781 1.10156 0.90780
6 5.89063 1.13282 0.88275
7 7.00000 1.10937 0.90141
8 8.10156 1.10156 0.90780
9 9.19531 1.09375 0.91429

Average Damped Frequency = 0.89760 Hz

X1 =4.578 Volts
X9 =4.197 Volts

¢2 = 0.000191

Natural Frequency = 0.89769 Hz




TABLE I1.  Data for XTR50 blade (concluded), Test 5

Time Period Damped
Peak Frequency
(sec) (scc) (=)
1 0.28906
2 1.39844 1.10938 | 0.90141
3 2.52344 1.12500 | 9.88889
4 3.64844 1.12500 | 0.58389
5 4.76563 1.11719 | 0.89510
6 5.89063 1.125060 | 0.88889
7 7.00000 1.10937 | 0.50141
S 8.10938 1.10938 | 0.90140
9 9.20313 1.09375 | 0.91429

Average Damped Frequency = 0.89753 Hz
X1 =4.814 Volis
X9 =4.367 Volts
(2 = 0.000241

Natural Frequency = 0.89764 Hz




TABLIS 111

Data for X'T'R75 blade, Test 1

Time Period Damped I

Peak Frequency
(sec) (sec) (Mz)

1 0.28906

2 1.41406 1.12500 0.83889

3 2.57031 1.15625 0.86486

4 3.77344 1.20313 0.83116

5 4.90625 1.13281 0.88276

6 6.10938 1.20313 0.83116

TABLE I1I.

Average Damped Frequency = 0.85977 11z

X1 =3.386 Volts
X9 =2.620 Volts

¢2 = 0.00161

Natural F'requency = 0.86049 1z

Data for XTRT75 blade (continued), Test 2

Time Period Damped

Peak Frequency
(sec) (sec) (ITz)

| 0.28906

2 1.44531 1.15625 | 0.86487

3 2.62500 1.17967 | 0.84768

4 3.76563 1.14063 | 0.87671

5 4.92969 1.16406 | 0.85906

6 6.07813 1.14844 0.87075

Average Damped FFrequency = 0.86381 Hz

X =3.389 Volts
Xo = 2.632 Volts

(2 = 0.00162

Natural Frequency = 0.86451 Hz




TABLIS 1L

Data for XTR75 blade (continued), Test 3

Time Period Damped
Peak Frequency
(sce) (sec) (Hz)
I 0.25000

1.41406 1.16406 0.85906
2.59375 1.17969 0.84768
3.75000 1.15625 0.86486
4.91406 1.16406 0.85906
6.10938 1.19532 0.83660

Aver

TABLIS I

age Damped Frequency = 0.85345 Hz
X| = 3.469 Volts
X9 =2.629 Volts
¢2 =0.00194

Natural Frequency = 0.85428 1z

Data for XTR75 blade (continued), Test 4

Time Period Damped
Peak I'requency
(scc) (scc) (Hz)
1 0.25781
2 1.42188 1.16407 | 0.85906
3 2.60156 1.17968 | 0.84769
4 3.73438 1.13282 | 0.88275
5 1.92188 1.18750 | 0.84211
6 6.10156 1.17968 | 0.84768
Average Damped Frequency = 0.85586 Hz

X1 =4.243 Volis
Xo =3.203 Volts
(2 = 0.00200

Natural Frequency = 0.85671 Hz




TABLIS THL. - Data for XTR75 blade (concluded), Test §

Time Period Damped

Pcak Frequency
(scc) (sec) (Hz)

! 0.25781

2 1.42969 1.17188 0.85333

J 2.60938 1.17969 0.84768

4 3.72656 1.11718 0.89511

5 4.92188 1.19532 0.83659

6 6.05168 1.13281 0.88276

Avcerage Damped Frequency = 0.86310 11z
X1 =4.170 Volts
X9 =3.069 Volts
¢% = 0.00237

Natural Frequency = 0.86413 Iiz
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TABLIS IV,

Data for REC'T blade, Test 1

Time Period Damped
Peak Frequency
(sce) (sec) (1z)
1 0.31250
2 1.61719 1.30469 0.76646
3 2.93750 1.32031 0.75740
4 4.23438 1.29668 0.77108
5 5.55469 1.32031 0.75740
0 6.86719 1.31250 0.76190
7 8.18750 1.32031 0.75740
8 9.50781 1.32031 0.75740
9 10.83594 1.32813 0.75249

0

Average Damped Frequency = 0.89753 1z

Average Damped Frequency = 0.86310 Hz

X1 =4.814 Volts
X9 =4.367 Volts

¢2 =0.000241

Natural Frequency = 0.89764 Mz




TABLE IV, Data for RECT blade (continued), Test 2

Time Period Damped
Peak Frequency
(scc) (scc) (Hz)
1 0.32031
2 1.61719 1.29688 | 0.77108
3 2.92969 1.31250 0.76190
4 4.24219 1.31250 0.76190
5 5.55469 1.31250 0.76190
6 6.86719 1.31250 0.76190
7 8.17969 1.31250 0.76190
8 9.50000 1.32031 0.75740
9 10.79688 1.29688 0.77108

Average Damped Frequency = 0.76363 Hz
X1 =4.289 Volts
Xo = 3.877 Volts
¢% = 0.000685
Natural Frequency = 0.76389 Hz




TABLE 1IV. Data for RECT blade (cominued), Test 3

Time Period Damped
Pcak Frequency
{scc) (sec) (Hz)
] 0.75781
2 2.07813 1.32032 0.75739
3 3.38281 1.30468 0.76647
4 4.69531 1.31250 0.76190
5 6.00781 1.31250 0.76190
6 7.32813 1.32032 0.75739
7 8.64844 1.32031 0.75740
8 9.95313 1.30469 0.76647
9 11.28125 1.32812 0.75294

Average Damped Frequency = 0.76023 11z
X1 =4.729 Volis
X9 =3.979 Volts
¢2 = 0.000755
Natural Frequency = 0.76052 Hz

16




TABLE V. Data for RECT blade (continued), Tes*. 4

Time Period Damped
Peak Frequency
(sec) (sec) (=)
I 0.58594
2 1.89063 1.30469 | 0.76646
3 3.21094 1.32031 0.75740
4 4.51563 1.30469 | 0.76646
5 5.82813 1.31250 | 0.76190
6 7.14063 1.31250 | 0.76190
7 8.45313 1.31250 | 0.76190
8 9.78125 1.32812 | 0.75294
9 11.10156 1.32031 0.75740

Avcerage Damped Frequency = 0.76080 Hz
X1 =4.768 Volts
X9 =4.045 VYoits
¢2 = 0.0006¢5
Natural Frequency = 0.76106 Hz
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TABLE IV. Data for RECT blade (concluded), Test §

Time Period Damped
Pcak Frequency

(sec) (sec’ L (lz)

]

1 1.09375 :
2 2.44531 ST 0 1.T3986
3 3.75781 L 0.76190
4 5.07031 1.3i. %0 0.76190
5 6.38281 1.3i% 0.76190
6 7.69531 LAse v o 0.96190
7 9.0156. 1.32032 0.75739
8 10.33594 1.32031 0.75740
9 11.64844 : 1.31250 0.76190

Average Damped Frequency = 0.75803 1z
X1 =4.753 Volts
X9 =4.019 Volts

¢? =0.000712

Nalwio! Frequency = 0.75830 Hz




TABLI V. Data for AIIIP blade, Test 1

Time Period Damped
Pcak Frequency

(scc) (sec) (l1z)
1 0.35156
2 1.77344 1.42188 | 0.70330
3 3.23438 1.46094 0.68449
4 1.67188 1.43750 | 0.69565
5 G 15938 1.43750 | 0.69565
6 7.58094 1.47656 0.67725
7 9.01563 1.42969 0.69945
8 16.44531 1.42968 0.69946
9 11.89844 1.45313 0.68817
10 13.24375 1.44531 0.69189
11 14.79688 1.45313 0.68817
12 16.23438 1.43750 0.69565

Average Damped Frequency = 0.69265 Hz
X1 =4.316 Volts
X9 =3.953 Volts
¢% =0.000195
Natural Frequency = 0.69292 1z




TABLE V. Data for AHIP blade (continued), Test 2

Time * Period Damped
Peak Frequency

(sec) (sec) (Hz)
1 0.34375
2 1.76563 1.42188 0.70330
3 3.25000 1.7437 0.67369
4 4.64844 1.39844 0.71508
5 6.10938 1.46094 0.68449
6 7.55469 1.44531 0.69189
7 9.00000 1.4453: 0.69189
8 10.45313 1.45313 0.68817
9 11.89062 1.43750 0.69565
10 13.328%3 1.43750 0.69565
11 14.78125 1.45312 0.68817
12 16.2187% 1.43750 0.69565

Average Damped Frequency = 0.69306 Iz
X =4128 Volts
X9 =3.713 Volts
¢% = 0.000284
Natural Frequency = 0.69316 It
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TABLIS V. Data for AIIIP blade (continued), Test 3

Time Period Damped
Peak Frequency

(sec) (sce) (I1z)
1 0.32813
2 1.78125 1.45313 0.68817
3 3.23438 1.45313 0.68817
4 4.68750 1.45312 0.68817
5 6.12500 1.43750 0.69565
6 7.58031 1.44531 0.69189
7 8.99219 1.42188 0.70329
8 10.44531 1.45312 0.68817
9 11.89063 1.44532 0.69189
10 13.33594 1.44531 0.69189
11 14.78125 1.44531 0.69189
12 16.24219 1.46094 0.68449

Average Damped Frequency = 0.69125 1z

X1 =4.753 Volts
X9 =4.231 Volts

¢2 = 0.000343

Natural Frequency = 0.69137 1z
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TABLIS V. Data for AHIP blade (continued), Test 4

Time Period Damped
Peak Frequency

(scc)- (scc) (Hz)
I 0.33594
2 1.78906 1.45312 0.68817
3 3.25000 1.46094 0.68449
4 4.67188 1.42188 0.70329
5 6.10938 1.43750 0.69565
6 7.56250 1.45312 0.68817
7 9.00000 1.43750 0.69565
8 10.44531 1.44531 0.69189
9 11.89844 1.45313 0.68817
10 13.33594 1.43750 0.69565
11 14.78125 1.44531 0.69189
12 16.21875 1.43750 0.69565

Average Damped Frequency = 0.69261 Hz
X1 =4.048 Volts
X9 = 3.665 Volts
¢2 = 0.000250
Natural Frequency = 0.69270 1z




TABLIE V. Data for AIHIP blade (concluded), Test 5

Time Period Damped
Pcak Frequency

(sce) (scc) (Hz)
1 0.36719
2 1.79688 1.42969 | 0.69945
3 3.25781 1.46093 0.68450
4 4.68750 1.42969 | 0.69945
5 6.13281 1.44531 0.69189
6 7.56250 1.42969 0.69945
7 9.01563 1.45313 0.68817
S 10.46094 1.44531 0.69189
9 11.90625 1.44531 0.69189
10 13.35156 1.44531 0.69189
11 14.78125 1.42969 | 0.69945
12 16.25000 1.46875 0.68085

Average Damped Frequency = 0.69263 Hz
X1 =4.355 Volts
X9 =3.960 Volts
¢2 = 0.000229

Natural Frequency = 0.69271 Hz




TABLE VI. Data for TR3 blade, Test 1

Time Period Damped
Peak Frequency

(sec) (sec) (Hz)
l 0.34375
2 1.82813 1.48438 0.67368
3 3.28906 1.46093 0.68449
| 4.77344 1.48438 0.67368
5 6.25000 1.47656 0.67725
6 7.71875 1.46875 0.68085
T 9.18750 1.46875 0.68085
S 10.66406 1.47656 0.67725
9 12.14063 1.47657 0.67724
10 13.60156 1.46093 0.68449
[ 15.07031 1.46875 0.68085
12 16.53906 1.46875 0.68085
13 17.99219 1.45313 0.68817

Average Damped Frequency = 0.67997 Hz
X) =4.951 Volis
X9 =4.539 Volts
¢2 = 0.000191

Natural Frequency = 0.65004 IIz




TABLE VL

Data for TR3 blade (continued), Test 2

Time Period Damped
Peak Frequency

(scz) (sece) (IIz)
i 0.34375
2 1.82031 1.47656 0.67725
3 3.30469” | 1.48438 | 0.67368
4 4.77344 1.46875 0.68085
5 6.24219 1.46875 0.68085
6 1.71875 1.47656 0.67725
7 9.18750 1.46875 0.68085
8 10.66406 1.47656 0.67725
9 12.13281 1.46875 0.68085
10 13.59375 1.46094 0.68449
11 15.06250 1.46875 0.68085
12 16.53906 1.47656 0.67725
13 18.00781 1.46875 0.68085

Average Damped Frequency = 0.67936 Hz

X1 =4.626 Volts
Xy =4.246 Volts
¢2 = 0.000186

Natural Frequency = 0.67942 Iz
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TABLIS VL. Data for TR3 blade (continued), Test 3

Time Period Damped
Peak Frequency

(sec) (sec) (Hz)

1.82813
2 3.29688 1.46875 0.68085
3 4.77344 1.47656 0.67725
4 6.25000 1.47656 0.67725
5 7.71094 1.46094 0.68449
6 9.195631 1.48437 0.67369
7 10.65625 1.46094 0.68449
8 12.13281 1.47656 0.67725
9 13.60156 1.46875 0.68085
10 15.07031 1.46875 0.68085
I 16.54688 1.47657 0.67725
12 18.00781 1.46093 0.68449
13 19.47656 1.46875 0.68085

Average Damped Frequency = 0.67996 Hz
X =5.000 Volts
X9 =4.558 Volts
¢2 = 0.000217
Natural Frequency = 0.68003 Hz




TABLE V1. Data for TR3 blade (continued), Test 4

Time Period Damped
Peak Frequency

(scc) (sec) (Hz)
l 0.35156
2 1.82031 1.46875 0.68085
3 3.29688 1.47657 0.67725
4 1.77344 1.47656 0.67725
5 6.25781 1.48437 0.67369
6 7.71875 1.46094 0.68449
7 9.18750 1.46875 0.68085
8 10.67188 1.48438 0.67368
9 12.13281 1.46093 0.68449
10 13.60938 1.47651 0.67725
11 15.07031 1.46093 0.68449
12 16.53906 1.46875 0.68085
13 18.01563 1.47657 0.67724

Average Damped Frequency = 0.67937 Hz

X1 =4.902 Volts
Xg =4.502 Volts

¢2 = 0.000184

Natural Frequency = 0.67943 Hz
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TABLIE VI, Data for TR3 blade (concluded), Test 5

Time Period Damped
Peak Frequency

(scc) (scc) (M)
| 0.35156
2 1.82031 1.46875 0.68085
3 3.29688 147657 0.67725
| 4.77344 1.47656 0.67725
5 6.24219 1.46875 0.68085
6 7.71094 1.46875 0.68085
7 9.18750 1.47656 0.67725
8 10.65625 1.46875 0.68085
9 12.12500 1.46875 0.68085
10 13.59375 1.46875 0.68085
11 15.06250 1.46875 0.68085
12 16.53906 1.47656 0.67725
13 17.99219 1.45313 0.68817

Average Damped Frequency = 0.68026 Hz

X1 =4.624 Volis
X9 =4.209 Volts
¢2 = 0.000224
Natural I'trcqucncy = (0.68034 Iz




TABLE VII.  Data for Bare Cuff, Test 1

Time Period Damped
Peak Frequency
(sec) (scc) (Hz)
1 0.10156
2 0.60938 0.50781 1.96923

X1 =2.346 Volts
Xo =0.998 Volts
¢2 =0.01826

Natural Irequency = 1.98746 Hz

TABLI VII.  Data for Bare Cuff (continued), Test 2

Time Period Damped
Peak Frequency
(sec) (sec) (Hz)
l 0.10938
2 0.60156 | 0.49219 2.03175

X1 =3.015 Volts
X9 = 1.377T Volis
(% =0.01532
Natural Frequency = 2.04749 Hz
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TABLIS VII.  Data for Bare Cuff (continued), Test 3

Time Period Damped

Pcak Frequency
(sec) (sec) (112)
0.10938

2 0.60938 0.50000 2.00000

X =2.703 Volts
Xy =1.196 Volts
¢2 = 0.01656

Natural Irequency = 2.01677 Hz

TABLE VII.  Data for Bare Cuff (continued), Test 4

Time Period Damped
Peak Frequency
(sec) (scc) (Hz)
I 0.10938
2 0.61419 | 0.50781 1.96929

X1 =3.013 Volts
Xy =1.489 Volts
¢2 =0.01243

Natural Frequency = 1.98158 Hz




TABLIES V1. Data for Bare Cufl (concluded), Test 5

Time Period Damped
Peak Frequency
(sec) (sec) (Hz)
l 0.10156
2 0.60938 0.50781 1.96923

X1 =3.086 Volts
X9 =1.558 Volts
¢2 =0.01169
Natural Irequency = 1.98085 Hz

TABL¥ VIII.  Data for Cuff with Root Extender, Test 1

Time Period Damped
Peak Frequency
(scc) (scc) (Hz)
1 0.13281
2 0.76563 0.63281 1.58025
3 1.39063 0.62501 1.60000
4 ! 2.00781 0.61718 1.62027

Average Damped Irequency = 1.60017 iz
X1 =4.634 Volts
Xy =3.142 Volts
¢? = 0.00381

Natural Frequency = 1.60323 1z
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TABLE VIIL

Data for Cuff with Root Extender /continued), Test 2

Time Period Daniped
Peak Frequency
(sce) (scc) (Hz)
I 0.14063
2 0.76563 0.62500 1.6000¢
3 1.39063 0.62501 1.60000
q 2.00000 0.60937 1.64104
Average Damped Frequency = 1.61367 1z

X1 =4.360 Volts
Xo =2.793 Volis
¢% = 0.00500

TABLE VIIL

Natural Frequency = 1.61772 1z

Data for Cufl with Root Extender (continued), Test 3

Time Period Damped
Peak Frequency
(sec) (sec) (Ilz)
I 0.14063
2 0.76563 | 0.62500 1.60000
3 1.39063 | 0.62501 1.60000
4 2.00781 | .0.61718 1.62027

Average Damped Frequency = 1.60675 Iz
X1 =4.517 Volts
Xy =2.671 Volis
¢2 = 0.00694

Natural Frequency = 1.61236 Hz




TABLE VIII. Data for Cuff with Root Ixtender (continued), Test 4

Time Period Damped
Peak Frequency
(sec) (sec) (Hz)
! 0.13281
2 0.76563 0.63281 1.58025
3 1.38281 0.61719 1.62026
4 2.00781 0.62500 1.60000

Average Dammped Frequency = 1.60017 Hz

X1 =4.895 Volts
X =3.886 Volis
¢% = 0.00702

Natural Frequency = 1.67582 Iz

TABLE VHI.  Data for Cull with Root Ixtender (concluded), Test 5

Time Period Damped
Peak I'requency
(scc) (sec) (Hz)
1 0.13281
2 0.76563 0.63281 1.58025
3 1.39063 | 0.62501 1.60000
4 2.01563 | 0.62500 1.60000

Average Damped Frequency = 1.59341 Hz

Xi =4.668 Volts
Xy =3.257 Volts
¢% = 0.00327
Natural Frequency = 1.59602 Hz
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Figure 9. Bare Cuff (continued)
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Figure 10. Cuff with Blade Extender (continued)
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